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INTRODUCTION

Calculations have been reported from the Naval Postgraduate School for the resu~tt4 of
adiabatic internal explosions in systems containing a variety of C-H-N.-O fuels in air with or
without the addition of the active metals magnesium or aluminum.1-7 The presenL st"'4y
reflects the extension of the studies to titanium as the active metal.

As before, metal and fuel are considered introduced into a constant volume of 1 m3,
initially at 25*C. Products are assumed distributed evenly throughout the volume. The
process is treated as adiabatic, and the ideal-gas approximation is assumed to hold.

The fuels considered are listed in Table 1, along with a few pertinent properties,
Oxygen balance is computed, on a mass-percent basis, as the excess (deficiency. when
negative) of oxygen in the fuel relative to the production of water, carbon monoxide, and

elemental nitrogen.

In all the following, the symbol C will represent the charge, or mass of fuel, per cubic
meter of air and M, the mass of metal (titanium) per cubic meter. Charge-to-metal (C/M)
ratios and total concentrations (C + M, in kilograms per cubic meter) were varied over the
range 0. 1 to 10 for each.

In several of the tables, a code is used to indicate the condensed phases present: L =
liquid oxide solution; C TiC; N =TiN; G =graphite; A =Ti3O6"; B8 TiO 2.

-- ,;--.-"--.- -

INaval Weapons Center. P'eak Overpressures for Internal Blast, by G. F. Kinney, It. G. S. Sewell, and K. J.
Graham. China Lake. Calif., NWC, June 1979. (NWC TIP6087, publication UNCLASSIFIED.)

A.2 Naval Weapens Center. Reactive Metals in internal Explosions: The Combustion of Magnesium in Air, by
I- . einhardit. China Lake, Calif.. NWC, February 1978. (NWC TM 3429, publication UNCLASSIFIED.)

RA.Reinhardt. China Lake, Calif., NWC, April 1979. (NWC TM 3820, GIDkA' E202-1481, Aubir, by- ,.. ,

It. pub.i".i,

4 Naval Weapons Center. Adiabatic Computation oflnternallasit for Aluminum-Cased Charges in Air, by
R. A. Reinbaidt and A. K. McDonald, China Lake, Calif., NWC, January 1982. (NWC Th 6287, publication
UNCLASSIFIED.)

r Naval Weapons Center. A Working Mudel for the System Alumina -Magnesia, by R. A. Reinhardt. China
Lako, Calif., NWC, May 1983. (NWC TP 6433, GIDEP E392-0754, publication UNCLASSIFIED.)

Naval Weapcns Center. Computer Program for Internil Aluminum-Fuel-Air Explosions, by I. A.
Reinhardt. China Lake iabi, NWC, May 1983. (NWC T 6449, GIDEP E413-03r19, publication UNCLASSIFIED.)

7 Naval Postgrduate School. Internal Explosions of Reactive Aluminum with a PBX in Air, by R. A.
Reinhardt. Monterey. Calif., NpS, August 1983.a(NPS-61-83-0e I-PR, publication UNCLASsdfIED.) wL "
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TABLE 1. Properties of the Fuels.

AUf, 298~ oxygen balance,
Designation Name and chemical formula ki/mole to CO + H20, %

PETN Pentaerythritol tetranitrate, -489.8 + 15
CSH8N4O1 2

NC Nitrocellulose, 13.3% N; -812.9 +3
C6H7N2.5010

HMX symn-Cyclotetramnethylene- + 77.4 0
tetranitramine, C4HSNBO8

Pentolite 50% PETN, 50% TNT; -97.9 -5
C6.1 6H6 .2 5N3.41085.

Comp 8 65% RDX, 35% TNT; + 11.47 -9
C1 .96H2. 53N2.2202.68

TNT 2,4,6-Trinitrotoluene, +30.7 -25 p
C7R 5N306

N2 H4  Hydrazine -165.0 -0

C21-40 Ethylene oxide -47.29 -109

Carbon Graphite 0 -133

C6Hj 4  Hexane +100.31 -242

internal energies of formation are per mole of formula indicated.
Data were taken or computed from Ref. 1

BASIS OF CALCULATIONS

As is pointed out irk Ref. 4, the adiabatic restriction requires that a temperature be
found such that the sums of the internal energies of the equilibrium mixture of products at
that temperature must equal the initial Internal energy of formation of the chosen fnel. The
pressure is then computed from the ideal gas law, taking into account the total number of
moles of gas present at equilibrium at the temperature. The overpressure is found by
subtracting I bar.

As before, 4 thermochemical data are represented by the five-parameter expression

where T is the Kelvin temperature. In Table 2 are listed the internal energy parameters for

the 25 gaseous and 15 condensed-phase species considered. Those for titanium species were

4I
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TABLE 2. Internal Energies of Combustion Products.
Expressed as a function of c = T/1000 (in kilokelvins);

values given injoules/mole: U(T) = 81 + B2% + B33
2 + B4 InL + Bs/..

Substance B 1 82 83 84 85

Ti 310931 11660 75 1364 664
TiO 264015 30151 272 -2961 1040

T102 - 55866 60797 -355 -22628 -4116

Ti+ 1029558 29682 -252 -49343 -43618

Ar -3718 12473 0 0 0

Co -84115 31136 -25 -6218 24

CO2  -361013 56789 67 -9201 1764

H 213029 12473 0 0 0

OH 166505 34786 -88 -20093 -77842

H2  136535 32890 313 -21058 -9413

H2 0 50545 63224 -395 -45949 -16417

NO 105501 30619 10 -4353 631

N2  38785 31651 -61 -7831 -657

o 214445 9604 298 4428 2050

"02 32105 29476 662 -6265 -2102

"TiC (I) -617142 62760 0 0 0

TiC (s) -762144 27917 6225 14807 3981

Ti (I) -465953 35564 0 0 0

Ti (s) -695970 -10976 8134 35009 11727

C (s) -40329 22904 320 10 0

CN- 102390 31551 -69 29 0

CN 691554 38828 740 -3719 -24658

C2 H 758476 66613 239 -43882 -20692

C2 N 538335 54371 -15 -1052 2404

HCN 284944 62760 -302 -26216 -5947

HNCO 36816 83592 -474 -28281 -4750

HCO 90276 56166 -353 -19233 -2345

CH20 54534 85563 -609 -32362 - 1612

C2H2  474890 92019 -27 -42593 -10539

"C3  906056 48907 282 -16185 -3220

TiO (I) -1040198 66944 0 0 0

TiO (s) -1011246 56480 4163 0 0

Ti203 (I) -1942190 156900 0 0 0
Ti203 (s) -2041671 145104 2725 -30 4248

T,3O (1) -2875209 234304 0 0 0
Ti305 (s) -2963674 174570 16844 266 123

T102 (I) -1395260 87864 0 0 0

TiO 2 (s) -1436271 62766 5687 159 1079
7. TiN (I) -770564 62760 0 0 0

TiN (s) -847427 38404 5099 4361 812

Substances are gaseous unless otherwise specified.

5
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calculated from data in the JANAF tables,S recomputing the data so as to accommodate the
universal choice of titanium vapor as the reference state. Parameters for the other species are
taken from Ref. 4.

EQUILIBRIUM CONSIDERATIONS

THE SYSTEM TITANIUM-OXYGEN

Unlike magnesium and aluminum, the metals studied earlier, titanium forms a
number of solid oxides. The compounds TiO, Ti 20 3 and TiO2 are well known, and their
formation accords with the solution chemistry of this transition metal. The phase diagram of
the system Ti-O is reasonably well established up to the melting point.9 ,1o Maxima in
melting point appear to correspond to Ti2 0, Ti 20 3, Ti305 and TiO2 . TiO appears to melt
incongruently. There is extensive solid-solution formation and considerable temperature-
dependent polymorphic transition. Oxygen is soluble in titanium metal to the extent of about
25 atom-percent, yielding solid solutions which show metallic conductance. In general, the
lower oxides are all nonstoichiometric and show semiconductor properties.

The phase diagram gives no direct evidence regarding the liquid phase, but the
appearance is not inconsistent with that of a system with no discontinuities in the liquid
phase.

For these reasons, it has been assumed in the present study that the liquid phase in
the system Ti-O is conLintio;s that is, that there is complete miscibility from the metal to the
composition Ti0 2 . This liquid is assumed to be an ideal solution of the liquids Ti, TiO, Ti 20 3 ,
Ti3 Os and TiO 2. Ti 20 was not included since no thermochemical or equilibrium data appear
to be available for it.

The complexities of the solid phases have been ignored in the present study. Only a
small number of points were at temperatures below the melting-point curveý most of these
were for oxygen-rich systems in which solid TiO2 formed or for carbon-rich systems in which
TiC but no oxide at all resulted. Pure solid phases were assumed in those few cases where
solid Ti30 5, alone or with TiO2 , appeared.

.In the computer program the presence of "liquid oxide" (that is, the liquid solution of
oxygen in titanium) required in part that the temperature be above 2143 K (the melting point
of TiO2 and the highest temperature on the melting-point curve). This criterion was adopted
for the sake of simplicity, and proved satisfactory in all but a handful of cases where a liquid
was obtained, but below 2143 K. These points were recomputed, now waiving the
temperature requirement for liquid oxide. It was found that this change made very little
difference (at most a few tenths of a bar) in the computed pressure.

8 National Bureau of Standards. JANAF Therinuchemical Tables, 2nd edition, by D. R. Stull and H.

Prophet. Washington, D.C., NBS, June 1971.
&C. 1.DeVries and R. Roy, Am. Ceramic Soc. Bull., Vol. 330( 954), pp. 370-72.

10 P. G. Wahlback and P. W. Gilles. J. Amn. Ceramic Soc., Vol. 49 (1966), pp. 180-83.

6
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A set of calculations was carried out for the system TNT-Ti-air using the quite
different (and less reasonable) assumption that the liquid oxide phases were Pompletely
immiscible with one another and with the liquid metal. Results were appreciably different, as
to both adiabatic temperatures and pressures found. The pressures tended to be higher (by up - .
to 12%) even though the temperatures were lower. This result was in accord with the
reduction in fugacities accompanying solution formation.

It should be remarked that it was assumed that TiC, TiN and graphite, when present,
existed as pure phases.

EQUILIBRIUM DATA

As in the previous study,4 equilibrium const.ants of formation were fitted to the four-

parameter equation:

logloK = Al + A 2/(A 3 + T) + A 4T

In Table 3 are listed the equilibrium constant parameters for all the species considered
(except for the elements in the reference states, for which all the parameters are zero). Those
for the titanium species were computed from the JANAF tables,$ with the data below 3591 K
(the normal boiling point for titanium) recomputed to take into account the choice of titanium
vapor as the reference state. (This choice was made to avoid the discontinuities that would
otherwise occur at the melting and boiling temperatures of titanium.) Parameters for the
other species are taken from Ref 4.

In application, each Kp (expressed in partial pressures) is first converted to a Kn (in
terms of mole numbers). Then for any species the number of moles is given as a known -. '-.
function of Kn and the "master variables": X = N102; Y = v-H2 ; Z = VN 2; Ti; and Ace, which
is the activity of carbon (standard state, graphite). (Formulas in the last sentence refer to '..*
number of moles.)

EQUILIBRIUM CALCULATIONS

For argon, the mole number is always 0.4036, the number of moles in 1 m3 of air at
298 K, 1 bar. For each of the five remaining elements, a material balance equation may be O ]
written representing conservation of the number of moles of atoms of each element. The mole
number of each of the chemical species present is a function of those of the elements in
standard states and the activity of carbon; hence, five simultaneous equations in five
unknowns (the five "master variables" referred to earlier) are obtained.

In actuality the maximum number of unknowns to be considered is four, since Y =

V-H2 can always be found in closed form as a function of the others. Considering also the
phase rule restriction, the number of variables to be solved for is four less the number of
condensed phases. The Newton-Raphson method, as described in Ref. 4, is then used to solve
this set of simultaneous nonlinear equations.

7
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TABLE 3. Equilibrium Constants of Formation of Products.
(Base 10 logarithm of the formation constant of xhe

indicated substarce, expressed as a function of x = T/1000
(in kilokelvins): loglo K = A1 + A2/(A 3 + 0) + A40)

Substance A1  A 2  A 3  A4

TiO -2.256 23248 -0018 -0.133
T"O2  -7.510 37 603 -0008 -0.067
Ti + 4.082 -39.359 0.079 0027

CO 4.593 6.108 0.030 -0.067

CO2  0.087 20.642 0001 -0.024

"H 3.132 -12.016 0.019 0015
OH 0.769 -1969 -0.016 -0015

H2 0 -3.056 13.305 0.014 -0.005
NO 0.710 -4-300 0.008 -0.009
o 3.497 -13 439 0.010 0.006
TiC (I) -6.352 29.181 -0.002 0.019

TiC (s) -6.124 33.929 -0003 0.118
Ti (I) -6.033 21 383 -0060 -0.006

Ti (s) -7.550 24 361 0.000 0.165

CN- 0.826 0005 -2.418 0.047

CN 5.092 -22.218 -0012 -0,016

C2H "1.529 -24 269 -0.012 -0.043
C2 N 1.060 -29 343 -0000 -0.066
HCN 1.607 -6807 -0.012 -0008

HNCO -25.740 96.491 2.563 2 862
HCO 2.221 1.209 0.219 -0.060
CH2 0 -2.036 6770 0018 -0016 fr•

C2 H2  2 655 -11 332 -0016 0000
C3  10.850 -41.395 -0016 -0186
TiO (I) -8.512 4A 816 -0.050 0052

TrO (s) 11.560 50.682 -0.009 0 348
Ti2 O3 (I) -22.269 112 701 -0.054 0 030
ri2 0 3 (s) -28.610 126.047 -0.007 0.607

T130 5 (I) -36.762 182 554 -0.039 0.085

T130 5 (s) -45.523 200 007 -0.003 0 984

T'O2 (I) -13.912 66.399 -0.042 0.042
T1O2 (s) -17.167 73460 -0003 0 290

TiN (1) -5.271 20 .076 -0.672 -0.437
TiN (s) -12.371 41 581 -0007 0 196

Substances are gaseous unless otherwise specified.

8 1
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An initial approximation scheme is available wherein it is assumed that oxygen is
taken up in the order CO, TiO1 , H 20, CO 2. With insufficient oxygen to proceed beyond TiO,
TiN is assumed. With excess carbon, TiC or C (solid) is assumed. Based on these
assumptions, initial values of all the master variables can be found and the computation may
be started. After the first computation in a series it is a M Atter of operator choice whether to
repeat the initial approximation or to use the values of the master variables from the last run.

In any case, after convergence of the Newton's method of calculation, tests ere
performed for the presence or absence of each condensed phase. If a change from those
assumed has occurred the computation is rerun. This procedure continues until all the tests.
are satisfied and no change in condensed phases is predicted. Further detail on the
computational method with a copy of the computer program is given in Appendixes A and B to
this report.

RESULTS

For all the systems studied the following were found: adiabatic temperatuee, 7
overpressure. and yield of each product in terms of moles and also as partial pressures for the
gaseous products. Total concentration (metal plus fuel) was varied regularly over the range
0.1 to 10 kg/rn3 and the fuel-to-metal ratio likewise was varied over the range 0.1 to 10.

In Table 4 the following data are given for titanium plus air (in the absence of fuel): -

overpressures (bars), adiabatic temperatures (K), and product yields, expressed as mole-
percent for the gases and total mole number for condensed phases. The composition of the
liquid oxide phase is given as x in the empirical formula TiOx (x ranging from 0 to 2).

TABLE 4. Combustion of Pure Titanium in Air:
Overpressure, Adiabatic Temperature, and Product Yield.

Property! Concentration. kglm
3

system
01 02 0.4 10 20 40 100

Overpressure, bars 7 3 97 11.7 14.3 18.4 26.3 498
Temperature. K 26W2 3423 4024 4338 4393 4542 4869
Mole-%:

Ar 1.05 1.08 1 07 0.95 0.76 0.56 0.32
Ti ... 0.01 7.22 30.08 50.59 72.46
TiO 0.12 486 17.42 9.85 5.22 2.15
T1O2  0 01 O .0 . .
NO 2.47 5.05 4.09 0.05 001
N2  8084 81 46 81 12 74.26 5959 43.63 25.06
0 0.32 364 6.54 0.10 0.01 0.01 ...
02 15.31 8.64 2.23 ....

Liquid oxide:
Moles 204 277 455 1040 2055 43.2 115.0
xinT-0. 1 99 1 79 1 40 091 0.57 0.31 0.12

9
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Table 5 gives overpressures in bars, with the temperature in parentheses, for the
titanium. air-fuel mixtures. Each portion of the table is devoted to a particular fuel, and the
fuels are arranged in decreasing order of oxygen balance, starting with the most oxygen-rich,
PETN, and ending with the most oxygen-deficient, hexane. In each case, C + M represents
the total concentration in kilogram/meter 3, and CIM represents the mass ratio of fuel to
metal. For each table entry a code indicates the condensed phases present; this code,
described earlier, is also explained as a footnote to the table.

TABLE 5. Overpressure (in bars), Adiabatic Temperature (in K) (in parentheses),
and Condensed Phases for the Combustion of Titanium With Fuels in Air.

C/AJ
C+M

0.1 0.2 0.4 1.0 2.0 4.0 10.0

a. Fuel: PETN.

0.1 7.1 6.8 6.4 5.8 5 1 4.4 3.8
t (2496) (2403) (2249) (2004) (1743) (1527) (1344)

L L L B 8 a B

0.2 9.6 9.5 9.3 8.9 8.2 7.5 6.7
(3314) (3228) (3095) (2832) (2564) (2286) (2041)

L L L L L L B

0.4 11.9 12.1 12.2 12.1 11.8 11.5 11.0
(3947) (3874) (3739) (3450) (3209) (2995) (2776)

L L L L L L L

1.0 15.4 16.3 17 5 19.1 19.6 19.6 19.4 %
(4363) (4335) (4253) (4033) (3788) (3554) (3349)

L L L L L L L

2.0 20.7 22.6 25.6 29.7 31.6 32 3 32.4
(4438) (44861 (4549) (4349) (4.107) (3861) (3635)

L L L L L L L

40 31.3 - 35.3 41 7 51.4 55.8 577 583
(4586) (4639) (4743) (4674) (4390) (4116) (3865)

L L L L L L L

10.0 63.2 74.4 91.9 121.0 132.1 136.4 138.0
(4913) (4970) (5098) (5177) (4773) (4426) (4127)

L L L L L L L

L - liquid oxide. B - TiO 2 (s).

10
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TABLE 5. (Contd.).

C+M
0.1 0.2 0.4 1.0 2.0 4.0 10.0

b. Fuel: Nitrocellulose.

0.1 7.1 6.9 6.6 6.1 5.4 4.9 4.4
(2508) (2427) (2294) (2089) (1863) (1676) (1520)

L L L B B B B ,

0.2 9.6 9.5 9.4 9.1 8.7 8.2 7.6
(3322) (3244) (3125) (2903) (2696) (2488) (2285)

L L L L L L L.

0.4 11.9 12.1 12.3 12.3 12.2 12.0 11.8
(3949) (3880) (3756) (3497) (3289) (3118) (2965) -

L L L L L L L .

1.0 15.4 16.4 17.7 19.4 20.2 20.4 20.4
(4347) (4324) (4246) (4045) (3829) (3625) (3451)

L L L L L L L

2.0 20.8 22.8 25.8 30.3 32.5 33.6 34.0 . ""..... --

(4408) (4428) (4467) (4339) (4120) (3902) (3703)
L L L L L L L

4.0 31.3 35.4 41.8 52.9 57.8 60.2 61.2
(4550) (4568) (4610) (4649) (4389) (4137) (3908)

L L L L L L L

10.0 63.0 739 91-2 122.9 1379 143.0 145.2
(4870) (4884) (4922) (5040) (4775) (4436) (4150)

L L L L L L .
c. Fuel: HMX.

01 7.0 6.8 6.4 5.7 49 4.3 3.6
(2492) (2396) (2235) (1977) ('1706) (1481) (1290)

L L L a a B "

0.2 9.6 9.5 9.3 8.8 81 7 3 6.5
(3311) (3222) (3084) (2808) (2519) (2218) (1956j
L L L L L L 8

0.4 11.9 12.1 12.2 12 1 11 8 11 4 10.7
(3944) (3Q69) (3731) (3431) (3175) (2943) (2697)

L L L L L L L

1.0 15.4 163 17.6 19.1 19.6 19.5 19.2
(4340) (4313) (4225) (3999) (3744) (3491) (3267) I

L L L L L L L

2.0 208 22.7 25.7 29.9 31 7 32.2 32.0
(4396) (4406) (4429) (4287) (4032) (3765) (3514)

L L L L L L L

4.0 31.2 35.2 41.4 52.1 56.2 575 57.4
(4536) (4540) (4560) (4579) (4285) (3979) (3691)

L L L L L L L

10.0 62.8 73.3 89.9 119.9 133.7 135.7 135.0 ____ H
(4852) (4849) (4857) (4910) (4639) (4236) (3879)

L L L L L L L

L = liquid oxide, B = TiO 2 (s). I
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TABLE 5. (Contcl.).

CIM
C+M

01 02 0.4 1.0 2.0 4.0 10.0
d. Fuel: Pentolite. -"

0.1 7.1 6.9 6.6 6.1 5.5 5.0 4.5
(2510) (2431) (2301) (2102) (1881) (1698) (1545)

L L L B B 8

0.2 9.6 9.5 9.4 9.1 8.7 8.3 7.7
(3324) (3247) (3130) (2914) (2715) (2517) (2323)

L L L L L L L

0.4 11.9 12.1 12.3 12.3 12.2 12.1 11.8
(3951) (3883) (3762) (3505) (3297) (3130) (2983)

L L L L L L L

1.0 15.4 16.4 7.6 19.4 20.1 20.3 20.3
(4334) (4313) (4236) (4037) (3822) (3613) (3432)

L L L L L L L

2.0 20.7 22.6 25.6 30.3 32.5 33.4 33.6
(4385) (4384) (4389) (4311) (4091) (3863) (3647)

L L L L L L L

4,0 31.1 35.0 41.1 52.0 57.8 59.8 60.3
(4523) (4514) (4508) (4517) (4343) (4071) (3811)

L L L L L L L

10.0 62.3 72.4 88.3 117.3 137,8 142.1 142.1
(4839) (4822) (4800) (4778) (4710) (4345) (4000)

L L L L L L L

e. Fuel: Comp B.

0.1 7.1 6.9 6.5 6.0 53 4.7 4.2
(2503) (2418) (2277) (2056) (1817) (1618) (1452)

L L L B B B B

0.2 9.6 9.5 9.4 9.0 8.5 7.9 7.3
(3319) (3238) (3113) (2876) (2648) (2414) (2188)

L L L L L L L

0.4 11.9 12.1 12.3 12.3 12.1 . 1.8 11.5
(3948) (3877) (3750) (3477) (3252) (3065) (2893)

L L L L L L L

1.0 15.5 16.4 17.7 19.3 20.0 20.0 19.9
(4326) (4302) (4220) (4009) (3776) (3546) (3344)

L L L L L L L

2.0 20.8 22.7 25.6 30.3 32.2 32.8 32.7
(4373) (4362) (4350) (4270) (4029) (3771) (3520)

L L L L L L L

4.0 31.1 35.0 40.9 51.4 57.4 58.6 58.2
(4509) (4488) (4460) (4421) (4264) (3949) (3632)

L L L L L L L

10.0 62.2 72.2 87.5 114.9 135.4 139.0 135.6
(4822) (4791) (4743) (4655) (4567) (4187) (3/56)

L L L L L L L

L - liquidoxide, B , riO 2 (s).

12.. Q.
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TABLES5. (Contd.).

- I[C/i'
0.1 0.2 04 1.0 2,0 4.0 10.0

f. Fuel". TNT.

0.1 7.1 7.0 6.7 6.2 5.9 5.5 5.1
(2524) (2459) (2352) (2147) (2013) (1862) (1736)

L L L L B B B

0.2 9.6 9.6 9.5 9.3 9.1 8.9 8.6
(3334) (3265) (3163) (2982) (2832) (2695) (2565)

L L L L L L L

0.4 12.0 12.2 12.4 12.6 12.5 12.4 12.3
(3954) (3891) (3780) (3547) (3355) (3205) (3082)

L L L L L L L p

1.0 15.5 16.4 17.8 19.6 20.4 205 20.2
(4298) (4264) (4195) (3995) (3776) (3537) (3292)

L L L L L L L

2.0 20.7 22.5 25.2 29.5 32.3 33.3 31.8
(4331) (4281) (4201) (4037) (3874) (3641) (3252)

L L L L L L L

4.0 308 343 39.4 48.1 53.6 56.1 54.8
(4463) (4404) (4352) (4194) (3979) (3682) (3259)

L CL CL CL CL CL CL
100 607 69.2 627 1060 120 7 126.2 122.3

(4812) (4791) (4732) (4531) (4244) (3633) (3286)
CL CL CL CL CL CL CL

g. Fuel: Hydrazine.

01 72 7 1 6.9 66 6 5.8 5.4
(2510) (2437) (2320) (2143) (1961) (1809) (1684)

L L L B B 8 8

0.2 97 9.8 9.9 10.0 99 9.7 94
(3303) (3227) (3118) (2921) ('4 70) (2589) (2436)

L L L L L I L

04 12 3 12 7 133 140 142 140 135
(3899) (3805) (3659) (3386) (3141) (2895) (2644)

L L L L L L L

1.0 17.0 18.8 21.2 23.4 22.8 20.8 183
(42?7) (4146) (3983) (3553) (3005) (2457) (1979) S

L L L L L L A

2.0 234 27 0 320 390 39 1 299 28.2
(4252) (4152) (3991) (362b) (304-1) (2047) (1739)

L L L L L A AS

4.0 36.2 43.3 53.4 68.0 70.9 55 3 43.7
(4373) (4248) (4104) (3735) (3101) (2062) (1443)

L L NL NL NL NL A.

10.0 756 93.8 119.9 1579 1650 1- 0.3 93.1
(4650) (4482) (4374) (3927) (314Q) (2068) (1291)

L L NL NL NL NL AN

SL = liquid oxide, A =Ti3 5 (s). B TI02 (s), C TtC, N = TiN

13 "
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TABLES5. (Con~td.).

CIM
C+M

0.1 0.2 0.4 1.0 2.0 40 10.0

h. Fuel: Ethylene oxide.

0.1 7.3 7.4 7.5 7.6 7.8 7.9 7.9".. -

(2580) (2568) (2551) (2523) (2502) (2487) (2475)

-L L L L L L L

0.2 9.8 10.0 10.2 10.6 10.9 11 1 11,2
(3354) (3314) (3261) (3175) (3103) (3034) (2963)

L L L L L L L

0.4 12.3 12.8 13.4 14.3 14.5 14.2 13.7
(3929) (3857) (3743) (3502) (3246) (2975) (2711)

L L L L L L L
1.0 1 .6 I 18.2 20.3 22.7 23.5 22.4 18.9 " '--• i

(4194) (4083) (3903) (3551) (3220) (2760) (2164)
L L L CL CLN CN CG

2.0 22.6 32.3 29.3 35.0 37.3 32.T8 2961
(4207) (4085) (3984) (3676) (3252) (2578) (2133)

L CL CL CL CL CG CG

4.0 34.1 39.6 47.9 59.9 626 570 51.1 ..
(4374) (4318) (4204) (3820) (3268) (2612) (2115)

CL CL C L C CG C G

100 68.9 83.3 1051 136.2 1368 1298 758"
(4741) (4676) (4535) (4022) (3259) (2648) (2107) " '

CL CL CL C C CO CO
'~ ~ ' .Fuel: Carbon. _..

0 1 .4 75 716 7.8 7,9 80 8.1
(2616) (2627) (2643) (2667) (2678) (2672) (2671)

L L L L L L L"N -

02 9.8 9.9 10.0 10 2 99 90 758
(3404) (3386) (3350) (3241) (3038) (2657) (2260)

L L L L L L N

4.0.4 252.1 12 3 12.6 1105 84 703.5

(3979) (3929) (37921) (3336) (2821) (2305) (19601)
L L L N CG CG GN

10 45.2 15.3 13.2 138 11 2 37 5.8
(4067) (3908) (3B04) (3588) (3010) (2221) (1709)

L CL CL CG CG CG GN-
2.0 19.2 19 1 20.0 150 11.7 7.8 5 1" -

(4168) (4126) (4473) (3788) (3128) (2170) (1558) "

CL CL C CG CT CGN AN ,,,-. ,

4.0 265 26 1 24.5 1.6.4 12 1 7 7 3.5"
(4414) (4375) (4716) (3962) (32 12) (21-35) (1421)

CL CL C CG CG CG AGNL

10.0 48.2 47.8 36.4 189 12 3 76 2.4
(4792) (5133) (5014) (4165) (3276) (2110) (1365)

CL C C c-G- CG CG AGN

L - liqu~id oxide, C - TiC. G ,=graphite, N - TiN, A - T1305 (s)

14 , '
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TABLE 5. (Contd.).

C+MM

+ 0.1 0.2 0.4 1.0 2.0 1 4.0 10.0

j. Fuel: Hexane.

0.1 7,6 7.8 8.2 8.9 9.3 9.6 9.6
(2650) (2691) (2749) (2824) (2850) (2833) (2771)

L L L L L L L

0.2 101 10.4 10.9 11.4 11.0 10.1 9.3
(3387) (3373) (3336) (3127) (2757) (2391) (2082)

L L L L L L L

0.4 12.7 13.4 14.4 147 12.7 108 9.1
(3902) (3794) (3572) (3037) (2359) (1925) (1552)

L L L LN CN GN GN
d.0 174 189 20.8 20.2 17 7 15.3 126

(4005) (3805) (3629) (2826) (2 1a4) (1760) (1377)
L CLN CLN C CG GN AG,

20 23 6 26.6 30.7 30.5 27 3 23 3 19.2
(4075) (3972) (3740) (2891) (2162) (1674) (1297)

CL CL CL CG CG GN U'-

40 35.8 47,3 52.2 51.3 46.5 394 31.9
(4293) (4177) (4042) (2951) (2151) (1622) (1205)

CL CL C CG CG GN 813

10.0 734 90 2 111 5 113.7 104.3 882 64.2
(4623) (4431) (4276) (3009) (2146) (1586) (1025)

CL CLG C CO CG GN BGN

L liquid oxide, A Ti3OS (s). U , Ti3O5 (s), C T IC, G - graphite, N riN

In 'rablo 6 is given the sot lw product yields for TNT-titanium-air at C/M =1.0, chosen
us roprosont&tive. Mole-porcont in the vapor is given for each spe:cies that reaches at least
0,1% at some point. Numbers of moles of condensed phases arc also given. As with Table 4,
the composition of the liquid oxide phase is given as x in the emipirical formula '[iO.'

Prodi•a-yield data are available for all the syatcnu" run but have not been included in

this report due to the bulk of data involved. They are avuilable from the author.

""DISCUSSION

"Figure I shows the effect of total concentration (C - M) on adiabatic temperature for
"pure titaniumn in air as well as for two representative (IM ratios for the oxygen-dericient

S hexane and the oxygen-rich nitrocellulese,

,21 A.-
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TABLE6. Combustion of TNT-Titanium in Air at CM - 1.0:
Overpressure, Adiabatic Temperature, and Product Yields.

Property? C + M, kg/m3

system
0.1 0.2 0.4 1.0 20 4.0 10.0

Overpressure, bars 5.2 9.3 12.5 19.6 29.5 48.1 106.0
Temperatv'e, K 2147 2982 3547 3995 4037 4194 4531

Mole %;
Ar 0.99 0.97 0.88 0.65 0.44 0.29 0.14

Ti ... ... 0.03 4.47 6.80 7.84

Tie ... 0.31 4.U5 3.22 2.41 2.57

Ti02 ... 0.02 0.02 ...

TI+ .. ........ 001 0.01

CO 0.01 1.82 9.79 2420 3346 37.91 40.95

C02  3.78 5 58 3.62 0.62
H . . 0.14 1.53 7.02 8 55 10.01 12.30

OH 0.08 1.02 2.19 0.91 001 . 0.01
0.09 0.74 4.03 7.65 10.06 12.22

H20 1 31 1.97 2.19 0.87 001 001 001
No 0.99 3.08 3.14 0.62 ......

N2 77.86 75 58 6980 55.73 41 7Z 31.12 21.69

0 0.03 0.98 2.66 0.89
02 14.94 878 3,13 0.081

CN- ..... .. 0.01 0.01
CN ......... 009 0.25 046

C2H ........... 001 0.06 0.20

C2N ......... 0.02 0.06

HCN ........ 034 0.97 1 52

HNCO . ... 001

HCO • . 001 001 0.03 006

C2H 2  ... 003 0.11

Moles 1.04 1.70 2.58 • 6.48 13 88 2260 45.39

x in TiOx 2.00 1 94 1.69 1 18 0.72 0.57 056

Moles TiC (I) ... 6 17 29.86

The behavior of the pure metal is quite unlike that previously seen for aluminum
(where a maximum in ' versus C + M occurred at approximately the A120 3 stoichiometry;
see Ref. 4). With titanium there is a steady increase in temperature with concentration, the
result of the existence of a number of oxides, the formation of each being an exothermic
process. Again, whereas aluminum showed formation of AIN at high concentrations, TiN
does not form here as a product owing to the lesser high-temperature stability of TiN. The

16
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curves for the explosive (relatively oxygen-rich) fuels are very similar to those for the metal
alone.

With the oxygen-deficient fuels, first TiN and then TiC and graphite appear as
products in the carbon-rich region. These tend to cause a falling off of temperature, as is seen
in the case of hexane in Figure 1.

Figure 2 shows the strong effect of total concentration on overpressure. Nitrocellulose

has been chosen as representative, all the fuels (except carbon) show a similar pattern. The
large increase in number of moles of gaseous products combined with a much less profound
change in temperature (Figure 1) is responsible for the monotonic increase in pressure.

The effect of CIM on temperature is shown in Figure 3. In general, titanium has a
higher heating value than any of the fuels used; hence, there is a generally observed decrease
in temperature as titanium is replaced by fuel. At high concentrations with oxygen-rich
fuels, the oxygen supplied by the fuel causes the temperature to rise at first, resulting in a
shallow maximum in the curve. The considerable break downward in the curves for hexane
again corresponds to the production of TiC and graphite.

Commonly, overpressure increases with CIM, as seen in Figure 4, owing to the
increase in number of moles of gases (CO + 1-12) as titanium is replaced by fuel. The
maximum seen with hexane reflects the sharp drop in temperature, referred to above.

The nature of the fuel has little effect on the adiabatic temperature for the oxygen-
rich fuels. For the oxygen-deficient fuels there is a general increase in temperature as the
oxygen balance increases (becomes less negative), as is shown in Figure 5, presumably due to
relieving the oxygen lack. Pressure is surprisingly insensitive to the nature of the fuel,
except for the case of carbon which shows higher temperatures and markedly lowei pressures
as a result of a much smaller quantity of gaseous product than with the hydrogen-containing
fuels. Carbon also shows a very different set'of products from those represented in Table 6.
With carbon at high concentratons are seen large amounts of CN, C 2N and C 3 and even
several tenths mole-percent of the ions as a result of the high temperatures exper.enced,
combined with the absence of hydrogen.

APPROXIMATIONS

Athow has examined1l the ideal-gas approximation for computation on internal
explosions in the presence of the reactive metal aluminum. In those systems it appears that
the only gas below its critical temperature is aluminum vapor, and for aiuminum7 the
reduced pressure can be seen not to exceed 10-4 and the reduced volume not to be less than
200 so that no appreciable deviation from ideality should occur. It is anticipated that the
same conclusions can be made regarding the titanium systems, although no estimates of the
critical properties have been made and thus no estimates of errors attempted.

..............

I! L. K. Athow, "Real Gas Considerations for Determining Physical and Thermodynamic Properties of
Gases Involved in the Prediction of the Effects or Internul Explosions." M. S. Thesis, Naval Potgraduatn School,.
Monterey, Calif., June 1982. -
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It was pointed out by Smith"2 that radiation effects should be negligible when
detonation takes place. When the combustion is a deflagration, however, the adiabatic
assumption is expected to be less reliable. A comparison of the experim-ntal data on dust
explosions reported by the Bureau of Mines13 would seem to show that the computed results
from the present report may be high by a factor of about two. It has, however, been pointed
out by Baker et al.14 that the Hartmann apparatus used by the Bureau of Mines investigators
seriously underestimates the maximum overpressures to be expected. On this basis it is
anticipated that the adiabatic results will show much less extreme negative departures from
realistic maximlm overpressures.

* .÷.

12 D. E. Smith. "Attenuation Effects of Thermal Radiation orn Internal Blast Over pressure." M. S. Thesig.

Naval Postgraduate School, Monterey. Calif~.December 1979.
1 3 Bureau of Mines. £xplosibifity of Usial Powders, by M.. Jacobeon. A. R. Cooper anti J. Nagy. U.S.

Department ofInterior. Washington. D.C.. 1964. (RI 6516, publicationa UNCLASSIFIED.)
14 W. E. Baker, P. A. Cox. P. S. Westine. J. J1. Kulezz. and R. A. Strehlow. Explosion Hazardl and

Evaluation. Amsatrdpn. Elsevier, 1982. pp. 260-61.
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Appendix A
DESCRIPTION OF THE COMPUTER PROGRAM 6 .

The program itself, which is listed in Appendix B, is written for the HP 9845A
computer. Various sections are referred to by their labels.

MAIN PROGRAM

Input Section

Fuel (accessible from line 1900). Enter formula and internal energy of formation.
Computes formula mass; allows for zero C or H or no fuel. Resets flags.

Conc (accessible from line 1870). Resets counters. Enter C + K (total concentration
in kg/m3 ) and then C/M, as asked for.

Temp (for entering total temperature manually). May be accessed by use of special
function key k4. After at least two trials, Temp may be bypassed and interpolation used to
find the new temperature. Pressing k5, so that At$ = "Y", after two iterations allows for
"automatic interpolation. If needed, the automatic interpolation may be stopped by pressing
PAUSE, then k5 (which returns At$ to "N"), and finally k4 for manual setting of
temperature.

Computation Section

Calc calls up the computational subroutines Eq, Tical, and Ex.

Eq is a subroutine of the miain program to evaluate equilibrium constants of
formation of each of the 40 chemical species. Kp is first computed from the stored parameters t-.
and then converted to Kn (expressed in mole numbers). Kp or Kr is defined as the ratio of the
activity of the species to the product of the activities of C, Ti vapor, H2 , N2, and 02, each raised
to the aPProPrte p A L A2'-'3 and.. L3105, NKn is computed so as to avoid overflow at
lower temperatures. For condensed phases, the standard state is the pure phase; for Kn, the
standard state for gases is I mole (in I m3).

Tical is the master subroutine which carries out equilibrium and energy calculations.
Results are displayed as "dU" (net) and "T high" or "T low"; dU = 0 is desired for convergence.
A new temperature approximation is performed automatically by interpolation, based on the
previous T and dU values; or else it is entered manually with k4. A more detailed description
of Tical will be found below.
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Output ,

At Ex, results of the calculations are printed: temperature, overpressure, mole
numbers of all products and the diagnostic features described under DIAGNOSTICS, below. .
Options are allowed at this point for changing CIM, C + M or for a new fuel.

SUBROUTINE TICAL

Tical is the major computational subroutine whose task is to find the numbers of 4.:
moles of the products present at equilibrium at the selected temperature. The conditions to be
satisfied (other than for the trivial case of argon) are the atom balances in C, H, N, 0, and Ti
and the establishment of chemical equilibrium between each compound and its component
elements in their reference states.

The master variables (all in mole numbers) are X = V/2, Y = VHi2 , Z = N'N2,
Acc = acti wi'y of carbon (standard state = graphite), and Ti = Ti metal vapor. Of these, Y is
always computed in closed form; from one to four of the remaining are found as unknown
parameters in the subroutine Newt by using the Newton-Raphson method. The actual
number of unknowns is equal to four, reduced by the number of condensed phases present.
Possible condensed phases are; Ti (solid), TiO (solid), Ti2 0 (solid), Ti 30 5 (solid), Ti0 2 (solid),
liquid oxide solution (designated Lox in the program), C (solid), TiC (solid or liquid), TiN
(solid or liquid). The presence of each condensed phase is indicated by a flag, to be set as
described under Flags.

Based on the values of the master variables and the equilibrium constant of
formation, the mole number of each species is computed. Then the material balance in the
elements 0, N, C, and Ti is written in terms of these mole numbers. When liquid oxide is
present, the stoichiometric condition is that the sum of the activities (that is, mole-fractions)
of the components of the solution should add to unity; this condition replaces the atom balance
in titanium for this case. There thus results a set of up to four simultaneous nonlinear
equations; this set'is the basis of the Newton-Raphson scheme to find the unknown
parameters.

At the conclusion of an iteration, the newly generated values of the master variables
are used to repeat the calculations. In favorable sititatiuns, each iteration results in
improvement (although temporary divergence sometimes occurs). Iteration is repeated until
the stoichiometric errors are less than one part in ten thousand.

Newt solves the set of simultaneous nonlinear equations needed to find the master
variables. The Newton-Raphson method is used. In this subroutine it is necessary to find a
number of derivatives numerically by observing the effect of a fractional change in each .
variable. This fractional change is set initially at 0.1. It is found that divergences which
would otherwise occur when the errors are large can be averted by altering this fractional

change to 0.5. This is accomplished by the use of special function key k8, when the computer
is in a pause mode or is waiting for input. Depressing kg a second time will change the
fraction back to 0. 1. The fractional errors in the stoichiometric conditions may be observed by
the use of kl (TRACE VARIABLES Yn(*)/EXECUTE) after which will be displayed Y(1),

26
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,I Y(2), etc., which are these fractional errors. The display of these will remain on the screen if
PRT ALL is locked down.

Approx: To begin the calculation an initial approximation of the master variables is
needed. In this approximation an arbitrary hierarchy of oxygen and nitrogen uptake is

- , assumed. Ox•ygen is assumed to be taken up in the order CO, titanium oxides, H20, CO 2. If
there is insufficient oxygen to form TiO, then TiN is assumed to be present. With excess C,
C (solid) or TiC are assumed.

It has been found that Approx gives quite satisfactory values of the master variables
at temperatures below about 3000 K; at higher temperatures the initial approximation may
be in considerable error. After each entry into Temp the question is asked, "Do you want
'Approx'?". The default condition (obtained by pressing CONT) is "Y" for a new concentration
(CIM or C + M) and "N" otherwise.

Flags sets the flags for condensed phases and gives the values of the temporary
variables used in Newt. The criteria for the presence of a condensed phase are that the
quantity of the phase, if previously computed, be nonnegative and that the formation constant
be satisfied or exceeded. In the case of liquid oxide, the formation-constant requirement is
replaced by the requirement that the temperature be above the melting-point curve (T =

2143 is used for simplicity; see text for discussion of this point) and that the sum of the
activitiee of the components of the solution be no less than unity.

Two important indexes are qet by Flags. liflag gives the number of metal-plus-oxide
phases (no greater than two); for liquid oxide solution, liflag = 1 except that, when TiC,
C (solid), and liquid oxide are all present, liflag = 0. The index Ii gives the number of
unknowns to be sought in Newt. Finally Flags gives initial values of the variables to be used
in Newt.

Fx gives the fitting functions for Newt. There are three branches, depending on the
value of liflag. Certain of the master variables are computed in Fx. After Diff is called, the
current mole numbers of all species are generated. The subroutine returns to Newt the
variable Fx, which is the fractional error in the stoichiometry in whichever element Newt is
considering at the time.

Diff first computes those master variables which were not found in Fx. Then Spec
and Oxides are called to compute the mole numbers of all species, and finally the errors inl
stoichiometry for all elements (and the sum of activities when liquid oxide is present) are
computed.

Spec computes the mole numbers of all gaseous species, given the current values of X,
* Z, Acc, and Ti. Y = V112 is computed in closed form in Spec; it is needed for computations on

hydrogen-containing species. For each species the appropriate formation equilibrium
constant is used.

S" Oxides computes the mole numbers of condensed metal and oxide phases. For two
such phases (liflag = 2) the atom balance conditions for titanium and oxygen are used; for
liflag = 1, only the titanium balance is used; for liflag = ()the oxygen balance is used.

27
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Nw I serves to route the computation to the proper portions of Tical. On first entry,
the flags will have been set and control is sent to Newt-, except, if li = 0, provision exists for a
c'.osud-form solution. In either case, Flags is called again. If any flag has changed, the 7

computation must be reperted for the new set of condensed phases; otherwise preparation is
made for exit from 13cal at the line Energy,

Energy computes from the storei. parameters the molar internal energy of each
component and then the total change irt internal energy (dU) from the starting materials,
taking into account the mole numbers of each species present. If the system Is at the melting
point of any of the condensed phau.os present, the amounts of solid and liquid are computed
from the energy balance, using the known energy of fusion. Control is then returned to the
main program.

DIAGNOSTICS

Sumi is called at the end of each run to report the following items: (1) a check on the
material balance of each element; (2) the activity of carbon (Acc) and the sum of the activities
of the components of the liquid oxide solution; (3) a comparison of the computed amounts with
the equilibrium conutants of formation for each condensed phase; and (4) the activities (mole- ,
fractions) of each component in the liquid oxide solution.

Suat is called whenever special function key kO has been depressed once, At ouch
emergence from Newt the mole numbers of all species are presented in condensed form- this is
followed by Sumi, the output of which has been just described. Those checks are of particular
interest in troubleshooting. Depressing kO a second time will cancel calling up Sum.

Depressing ki will cause execution ofTRACE VARIABLES Yn(') Then during each
iteration in Newt the relative error functions used to test convergence will be displayed.
Each Yn() must drop below 0.0001 for convergence, This feature may be turned off by
executing NORMAL.

28
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Appendix B
PROGRAM LISTING FOR TIF4"

it I6 FILE NN 'TIF4' 22 Fib 94 1I Yi lt+a 1oelcontilonoo liquid Phase
Adlabatic ovorkrsliurt calcolutinn cotant voloow

H AIofjh~ TO 'THTI'
71 RI~I i u a! wiu~rm~.. ~~. OlUV

snl T~NGN ~ .. I~GIll T3
V- ~ 5 (S)~~1 ,IT.iIa iuoi~c~~ru

171
ý0 FrN 135 TO SO

231 IfP6ALLINMU) PRESS K11 FOR TRACI UAN1AME9 YaI~i El

go DFF1 C ~(I'SW 2-4AC) )/2A4 ~ gU'hT I~ .

mho +OQh#i 0 4IHc+co4rt1i2o42*(Cos424O+iio)
IyO F~~a0*I Son rr4NO5 0 IS

DEF FN~tvmFI1+8I2+'9I3l Suno 71 ~,okidi

mId 1% o~.tflf
CP InI11v4 o"I"t Y11104 17

A:..i Fracllenal chtrigo in varlu It is coopoto derivaotive
4601 r hayg ho chwtinod it or fron S by key Ke

411
420 Foiel INPUT 'Nam of coploond',Wl
431 DISP "Foresuk, as atma pir solo of C, H, Nd, 0 In ledirs,

.1 ~44 1 It t7P.. form NTIT'

460 tmN2jPN22fT~c-IV~ N~jTIjvH(43)&N( 44)m~rmN1Ir~v
148 Fla91 aid condensed phaut roost for new fool

I IF '0D THEN V'E-1I
41 IF of6 THEN iHO I Provide for fuel with no C ot no H

5205 DZIcr'e SJIFT ?mk7(123()for QTNTi)P
10 FosvI12 ILIS4MuS1.66B4Ao$i4,16t7uApooiS."1S Formula V416, q/soho

S61 Cenci OUTPUT 16i nl .,Ph
Sol i T Tell conctntrail.n k g/co N if air, CIM,CpA

114 OUTPUTi& t oHI 'In C/N

so PRINTER I, 1  olt oeaCI'C
00 I-pxou04n 01 t Total miwsif tilanioiandcieinfrApos

C 'f ~,NI Loontir for Iterations no rtro i Apn
666 ArpmPROl1I (An,-3)
670 kmRj~ (Ac,-3

691 hpIRIE0Mi,-3)
16 Alp'PR (Aos,-3)

726 Conci PRINWT WIN1G Isclhtj H? N$ rcp Ahp AnyAp Iji i -7 6 u hoklvE/2L3'6 of T k'H 1,2ZA It o- ~'k H- VK N' K' [1,K2X-C/fM- -,fZ.3D/
740 Nim~t/ 6491Milli of T1

756 I
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'60 EkiI: o~~X10Sl'~1-0

M:2 m *I f Til
616 POI "T~ ~ weo *~f~:iq~~.ortsent are 'WMo''iots

821 m LINE63a I; ..Aq
840 N'cM

160 Mvn'AhIslif . In lcludes 01101 of W N A frill ari. r

17U LI 01 NNWl value. TiC man qrophlta not both present,
890 uI Willt internal energy

AN~ WNp Difoulii mnivill teiobrglort wiuling

96 O I~ ag TO DISP 1"vu 33~

ir Pitiq YouISP "Tme2112 4'

lg IF ýl 4 71 DI "HL43 I.
ýQ IF TO~~u NIB T32
'1 IV I in uq THND ' TM"3221 6ý

116 Piul 'I,' tor iycncintratge 'I0' th Poi .

117 I ~"ppro" it aenoral Iv deo1e P11111 36 but not Gbove.MI F up $ITS)t.Y* THLN NW'G
11 UPI Y1 , pv'T) INL litol

Teepl111il i j Ceemotte, tivuellbrium cofIstafll at T

1140 ~~',broul~m co1hulvtv solt numbers and Pmwlduu1 Wlig U. ,1
1191 DISP8

12fi1210
MCI biISP IT * ~'0i'*4[. Ji

i 140 IF lmo TIILN Ly

Wo 11201 THE9 1im 2
1328 Tu3IS00SI0 PNh)
0133 WTO Yopiat
020 T4"~2: I[* A0900(101908 1HLN Ek
12st IF At6"YVI'H~EN Into1  

Wl rmat w:itr kip 95
151 To iiit, priss V- manual motlratwrG: 1(41,.1

1390 Inlpi T.T'.-U20T2-T1)j(U2-W~)i I..neqr interpollatin7

141. 149 ClCic1
1420 Eli NIvM'Na
1436 FR~ 1=11 4 A I
1440 NtBNI+N(I)i Tetil pile if Crodtcli;
1450 Riuoisum4Ci)IM(l) Otlelc of 945
1466l AEXI I
1476 Conc3 :NqmN~uv MQ115 ot gas
1480 104(t:M~1~2*I~'I'' momS in 1M
A149 9orqj9II-79Hv391110147.0$111
1501 uRuq~37i~O9TA6 91i$7t-Q1261i*Gr
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iS~I Avgt Milar Mss of qallPId

151 oa I "N nE/'T o ,41.D,lk" 'tillM P@1peul

i~l PRINT P A(2;AqHl d wuu s(tstau ) 1Mt
159 PRINT "Jft(h Vulos It UAs ;N: M.is TOIA`L'-L1N(UPon; o1j'~~/ IT/V VALUE IN BARS

162w TDb ~ aJI

MI FO lot1 0 34

I72 IF~nh 9 3 U( j 5 LDLZle

IF Villa THENCenc

I.N

~~~~~~'i MEN(4). Xir~ ,Ht 5 633, o, .3D a* D3,~C
187 1 j~ T YOUW UII ORXA~HRCOCNRTO YN1

7t r ioc iN'UT AIi tu v1 Y0~

t721R t in BI"E

178 IF 0~ ThEMI KT10 ( Con (1

I R T(21 THN 2K(

1001PR YINTI r~~r 313. barb' VOUM x3.Q'C1M

21?P1 4akC4i) Ik I('(2

lyIF 1( C lEN Etiiia'1144)

0 31M)PRA ES J $ 0
07.iz284 T O OSVLaVUd
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Sri MIuty& $N? IpI

2300 IF Mw THEN Nul

210 Nocc'N2 '1
234 FOR I'it TO *8

2300 NEYI I
230 ArmN(6)'.4036S24Q10~~

2421 IF oaft THEN Apex Apiswe ~tn"
2430 CoUNeo INoxie
"440 TIctlaiun" ~oi
N4S0 IF NdMcc"Neg THEN Aopn
2460 Crf I i1 Grmchitt Drdlfli, flo Metal.

21481 X=Co/Acc/l(7
2490 tI"N(D.1/Acc/Xo(iC-

C5~ OTO tox
2S52!0 AppwFflonDi I flg'g' urosen?, no qrcvhitt
2540 Arcul/TI/ktic
2W5 K'CnIX/1(7) '
21560 COTO Aýpx

258! ApoxiGo'Ncv I Ketql 'odui oresnt
2590 IF Nti(Nou-Ncc TOE Appi2600 FiotlI~ Excess Ti: '; t over H

*2640 IF Ktn/in/08*flM2/Ko)1 THEN Applo
2650 Zz'Sp(-Exti./21 N is in excess! TIN + T.0
2660 TizN(le1/X tin/Z
26701
2600 Apo3: Xctigi/Ti
2691 COTO ýOgx

270 Anp2:rloGM Gui 3 necesoe
2720 Ti'OIN(Exti.l/1o'TK) UIsunoe
2730 mi1/Ktin/Ti
2740 COTO Ap
2750 pp
2760 Appi:IF Nti(2*(Noa-tc)/3 THEN Anp4
2770 X=R1$Kj/K2/K3 ToO T12O3 region
80 Fiw~iofat'l

-'2800 V K tIn/K11K2/1K102;Xt'(t THEN Aopi
2810 lInflo9 '1
2820 ZM/Ktin/Ti I Wo 2 2 nOxides
2830 IF N¶4-2fleoa-Nccu/Y1n THEN Appx
28B40 1P 6tL0G(X3)4LOC(KvinI)1CoLOC(X2) THEN Auk~
2850
28e AppIo:Z'SORC(Nn-N1142t(Nnn-Ncc)/'3)/2)! T1N + h203
2070 T±'i/Ktiin/Zr
28B0 X:(i/K2/Ti)"12/3)
209b COTO Apux
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2910 App4: IF NOW(,&(Noo-Occ) THEN AcpS T23-T3Srqo

294# Ti-NI210~QR(K
29SO I 6*LOG(03)4LOC(KtIn)(106L0G(K2) THEN A009

?660 inflngkl 1. oid191 Z'1/Ktin!Ti ITN42oie
I IF MtijS(Noa-Nc)/S)MA 710E APPK

l ito App4n:a SCR9W(IN ~N- 4 4S (*Noa-k 0 /5) /2)1 . TJ Ti305
si.te Tvi' 1/ n/Z
3020 X'U/K3TI/BSWUM'.~4

* 3030 U1TO Am
3041 1
3050 AppSiIF Nti((Noa-Ncc)/2 THEN Aupb

* 060 FI1n~3~F4n41 1 1`005 -T102 region
3071 X4 W / *17.
3080
3190 App~ti4/4//
3100
310ApAc'oXK7EiifrM 'Appre 1"

310 At3o13*'MIM10*3 1 (int1o Qppi'eX.3
Me~3 COSUB Oxides

is18 IF Nun)I02$0t14102 1HE.N Appc
191 N2ouNoo-(Nc+2*Nti) t Z- 2 ixivre
3200 2N/-e
3210 XNH24/H2/K(12)
R3220 COTO Ap?7

3240 Appc:IF Noa)2$*+kNti)4N/ THEN~r Anpe
32S0 Co2'Nt MI-Nt Nh/ I o - C0, Alytvre

3280 COTO APP7

33D0 APPOIC02fiNc I Litsin 02
131 02xHoa /2-(Nc~c+41I)-Mh/4
3330 Co-M()SWI2X/K(B)
3340 COTO Anpp

3310 g et-up for Heylon's muthod calculation

3381 Nkil
3396 NuZNV41i Cantrois entry wno 'Auprox"
3400 IF Ii THEN NQ3
341l PRINT 'Closid-for" calculation'! 'Newil nut used in this case
3420 GOSUS F12
3430 COSUB rrtfl.q
3440 COSUB hpflg
3456 IF Check TICw GOSUB Sum
3460 JOIJ NIWI
3V M2: GOFAJBFlaq

344 IF (7inflaq Mine) OR WinOF OO0)F0 OR 0FlaqMtO10) THEN Nwt
M Soo IF Iflng2 )2*2) OR (ffla3OF30) OR (Flea 41F40) THEN Hui
3e1 IF (TicflaQ(OT~cGI OR (C rlq( )CO) THEN 60iv
3S520 IF (Lixflnq'ol30 AND (Lfla4:LD) THEN EnergyB313 If 'mny fi'mq changes, iterations are repeated. -
3540 0010 Nui I

33
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P rtfloilF TIA I*4 A. PNTl TIN
3606 IF Cf1Gb (Ac 1E-ilTO Rj GI
3696 IF Lox4'lt* 09 Lfli aq THN RI L ( ;Lf,')*j
3620 IF Flall TIW PRN k'
3631 IF F1`9 TW1 PINT'Im 76
3640 IF Fltq2 ThEN PVNT TI

351 IFFlop THE PR.INT Tp-ý

~I 0811

371 f $$In DISPLAY FLAG STATUS
SI -pl S lpa lgS Oi3: 1 EI CALC., * U~pA(5);

WS IF T1itlu lIEN 01SF TIC'3760 IF Cf Ic AND ~A~E-11) THEDXP G
3771 I N LsxI 0 VRLiaq hN6S Le ;'( LVI)"
3789 IF Flog0 HEN 01 UMet,;
3795 IF Flogi THEN V181 I Ta'

1ll IF FoJ2 THEN Dip T126',
It 6 IF Fa;3THEN 31SF T130SI;

f111w tzl A NEUTONIS METHOD FOR UP TO FIVF SINIJIAAIEOIS NON-INEAR EONS
76 REDIM Xn(IH),T) W! t ( IL,DumOI),( a 1,111 11,11

3890 m CwoSeU I Vointtr for Nowton'a mehod iterations

3920 PRINTER IS 7.1.
t91 C*villCet nrg naNw

3946 FO -,TO Ii

3961 GSBF
3H70 YntI).Fx
3V8D FOR Jai TO 11
3996 8.1
4060 Xt( )um-D~t)1XmCJH Dits.i by dtfaultt P~v be ruel te .5 by 8

4120 D(1 1 (x -Yn (1)) /Xi(1) Jb It I Partial of Yh(a) art XnIjI
4836 Xt.)OX~n(J)
4040 NEXT 3
4650 NEXT I
4060 IF DT0)05 THEN Newt I
4980 PRINT *ATkIX SlogUA'
4990 01SF MP XSIGU
4010 PRINTER is
4110 PRINT 1111(1 ,'D Warix:'
4212 HAT PRINT
4130 PRINT LlN( )
4141 C91 Sun

41.71 Nawt~iAT ItvwIMV(D)
4006 MAT khainuil .
4195 MAT Nt-Ax&-Ddx
4206 Neut41FOR Ist To Ii
4215 IF Xn(I))&0 THEN Newt2
4229 Xn( )W(Kn(I)+De~x(I1)/2! If (m 0, use 1/2 treviaxs valve
4230 Ikit: NEXT I
4240 FOR Ial TO li
42S0 -IF A1S(Yn(I)))Epi THEN NeWt
4261 GO511 Fx

4_ NEXT I
4281 PRINT CviU tTRTOSFRUI, JRAIE;'
4296 GOSUP PrtflTRTOSqO ;i" AIRS
4360 PRINTER I5 i

4311 IFChadaT N ItETURN
9F GMIUB Sim I Diagnostic% gimc whin Chtck~l (given by key KO)
0Rotl: RETUCHNI

I 34
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440

*4 initial asa I or N aet oldSIValves

44210 Set fag fo coxensd haes

43811 Feato cotetrnt eeaeee
"944716 F Iz og
4420 LFuIs lag4
4496 F60'FiqOl
44510 PIfagmNIuq Tkc)~rl
4520 IF 01Gr~ HhGo

4490 I Tic l O THENT irlq
4560 1C fx nls Tuad rphtlbt

1
pon

4520 TInF C ;(6THEZiN , Gr 'I EN A~ )

4530 IF T'it TE-SNE Tinlis 1or oas it nocbn

4540 Ti F a l(T* tO tic5)? LE 5)6(T)'*(cIi8

4670 Fla 4.(Ti*X*g~XWK4)I-IE-S)011i4)'01
44 IF 4(0 THEN T j2z3

461 IF L14c0 THEN L144i.7

470 LoflagLox flag3 AND (o~f N Asx1Es
472 Coandene T i *alt. S Dj f or

4,0 IF Llag THEN Lou logdi; (lag for Lox soviet Loxfi45ue d when
TcnztxFNtIT1 both TIC and graphite a so areent,

470 Oconcleo-FNSo I Condensed 0
480 IF' NOT (Cflaq AND Flaqi) THEN FliapC411 0TC+T

4820 Cfi¶(nl-cUNNTf .Ov 3 I -

4830 F ~'
4840 FlagailF NOt (Tic lag AND0 Flag3) THEN rioIaTC+Ti ~ C bi

48504 Fl0g0zCfl4-qrl
4860 Fing 3:tTcon)iIJ$Ncc)
4Q70 Ti cflaq'i-Fjaai
4896 Flagbl F NOT (T1f*1eq AND Floq4' THEN Flegc
4890 Fin 2'fln :1 I Tic + ¶i4 v) C 4 Ti",
4900 Tic fas(1 n3(Tcan'
4911 Floq4u -Ticfuaq

*4920 flaigc:IF (T1cdlngoI) OR (Flag0"SI OR (Cfiag'0' OR (Ac'iE-IOI THEN listi
:44930 FlgqC'l0tl-FN~ta Nc10c Witho TIC. either Met or Gr, tot both

4940 Cflngui-F lagS i
4"50
4960 1lIse t; IiflaguFloulaql+FIyiag-o2sFliag3+Flng4tLf laU I Iifliq can be 0, 1 or 2.

IFo Iolg2TEii liflan a i for Lfinq but 0 for Luoflag
4990 11 1-lif's -Tinf log-!icf log-Cf log! Number of variables in "Mewt'
5100 Ir 11,0 THEN RETUR
5010 RE41M Xn(I±
51030 I O ifo hN~L' Foilow.,nq sets values of variables in 'Neet"
5046 IF NOT Tinflog AND NOT Cflng AND NOT licflaa THEN Xnt1i-i)Aec
5050 IF Tinfico AND NOT Cfl'sa AND NOT Titling THEN Xn(]iIAcc
5060 I IF dlog(2 THEN Xn(0)2
3070 IF (liflngzi) AND Tioflag AND NOT Flea I AND NOT Loxfico AND NOT Lflag THEN Xn(i)%Ti
5000 IF (Iiflng'0( AND NOT (C flu's AND Titflaq; THEN Xn(2W-Ti
5990 RETURN
Silo I The variables tire X if no nary thin one oxide or netal)
Slio Ti (it no oxide or matal) and Z (if Ti4 is absent).
SiEB FiXCeution: When TiN and one solid nuide, but no natal or liquid oxide
5106 ' resent then Ti (and not V' is first veriaible.
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I4Fleg1;Tcmn-Nti-FN~ti-T±n-1ic IThe cast of lifl29)2. which is disallowed
i~p 5W pag Flag! THEN FI13u

17l IFl 4
0 A NOTlu Flao4 THEN P13b

5180 IF NOT Flu;] IDHT Floa4 THEN Fl~c
5199 IF Ocan)Tcen THEN Flu The cose of Iiflagzr5
5210 Flag~mFlagirl

520 iS Flo22smlouig:

SO F14: F ~' F~ or Iifig$ 2
S0 IP NOT Floqi THEN M

SA?0Fl3c: I Flogs 012
S2U0 Flog2:(Ocon) Teen)
5290 FlT4s 1,232
53018 13 CO is

531 Floqi Fas1,',
5399 Vi ll: Floe 2a],
5480 FIoq4:(Ocon)5*6Tcmn/)
53410 Flu 2nNOT Flog4
5542 COTO listl

5440 IF!**840 Fco itiAS fencus fark NeFnslehdclt ****$*

S410 flEoinOTtiflq

54401 Finds 'xprorot Fitlues fcton faore variabluhotc~c *00
5496

501e 1C1lk oni SU1C, 'o cavaute nqles of oil species
55iQ I ~ond4-alue changed bV ol reemlyd

5520 IF NOT Tinflig THEN ZuXt(Ii)
553* IF NOT TinFiog AND NUT Cflg ANDONT Todflog THEN Acc:XtQl:-1)

550 IF Tinflag AND NOOT Cf1 'o % ANDNOTc
558 ON 1ifiogfi 0010 FuU,Ful,FuZ fo I ccX(

5560
5571 Fout QOSUB 01ff 'Exit rouitine for 'FkO

5590 IF (Imi) AND (1Iflaq(2) THEN Fx'DnINooFoiun rstchctucodtostose±
560D IF (lxt) AND (lfa )AND Tinf log AND NOT Lilaq AND NOT ;IM100 HE4 VOxD!i9JtL

S640 IF NT Tnfla AN NUTMaiAND NOT Tirflaq AND (1Iml-i) THEN Fy~hi)c!Nc
56SI IF inflg AD NO Ma ANNOT Totf lag AND (1=11) THEN Fo'Deic/Nc

!LofiaAH AND slihomti tes corsln with the variables.

50 I ETR Activisto 'Nof (eor in 'Nlau foxide4

57801 I NO2Ti*To* ADX*X*0*6 THE2202(002
5720 IF3$N*Ti*xfogTi*HXEXX*3*3*ou cg

5740 AOts oohtI4ttt+t+
5969 RETURN Uvt ciite n ~od xd
5700 ssassssgassugsmmnsn sssosuuno

Al Alzgil~i Aciviv OfMetl L lioid xid

791 Folowig tre ctivtie of xids i lLQld xi-

U81 - . . .T -

Soil~~ ~ ~ . .iiiXX$32

I<::<>Ž;A * :S> 0 ,q=7~l$Ts<:•r..i... .3 w~l. :ifitg(f21r -' n.Ž.~ua....
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5870 FKI:'I For Iiflaq ti
5886 IF Tinf taq Ant NOT Fla;6 AND NOT Lflaq THI44, Fula
5890 X'-Xt~i)
PO0I IF NOT Lflag THEN Fxhb
SYUt Fr Ltlopt, solves a cob~c to find Ti FIX)
5929 Host sat isfy son of activities=I
5930 A3:-t/0310311/X/X/X,'I
5940 A.2:- ( KI i4K II+X4KXX ) 103
Me5 AlN-XSXSX*K2SK2SA3 I ICoW. of cubit (Unit coeff. for cubic tern,)

590 ArwN3*A2-iAi*A)/3 .59"0 Br--tlAti~iSAi-9SAI*A2)/274A3 IReduced cubic. lucks qoadratric.
I Dc=flMfr/44Ar$Ar$Ar/27 IDiscrininant of the cubic

*6011 Ri--rtfltSMR(k)
6010 RIzSGN(RI)(5G00061)*Ri)A(1/3) 1 Avoids cube riots of negative no.

6140 Xr4140R2 The only real rou -if the reduced eqn.
6050 T1%N(i)uXr-fllf3
6061 IF T1)0 THO Foot

¶6076 fxIc. IF Lfluq THEN TizN(1W=FHgd(X8UX2XK2102,Kti+KtSX+04tX1X.-i)
6080 I in case cubic had negative root
6090 LfO:2
6100 C0TO Foot
6Ml Frib: I
6020 IF Fleqi THEN Ti:N(1):1!(xi
613 IF Flogi THEN TiH(1):11K1/X
6145 IF Flagq2 THEN Ti=N(1):11K2/X/SgR()
6150 IF Flogq3 THEN Ti'N(i)=(1103/X/X/UXP2Z
6166 IF alu4 THEN TizN(t)ni/K4/X/X
b170 IF NO VClag AND Ticfiag) THE Foul
6191 I:Xt()1) rose oF TiC * gronhite +Ti203
W1e To;NWi)i/Kuc,
620 0 X:(1/K2/Ti)'(213)
620 GOTO Fout
6226 Fxob: Ti*IW)XOti) I For TiN +- ye oxide
6213e IF Float THEN X:1Ik/Ti
6240 IF Flai2 THEN X=(112/Ti)'M2/3)
6250 IF Flaa3 THEN Xt=i/K3/TI/S000TIDA,4
6260 IF Flqj4 THEN K:-SDR(1/K4/Ti)
6270 C0TO Foot
6280 1
6290 rx2: IF NOT (FlogS AND Flogi) THEN Fx~a
6300 Ti:Niltfl/Ki 1 -1i - ifi regionp
631e X~1/Ti/K1
6320 GOTO Foot
5330 Fu2o: IF NOT (Fla IAND Fluq2) THEN Fi~b
63540 Xmi/:N $i~±/;2i/1%X T :r
6360 1010 Foot
6370 Fux2t IF NOT (Flu2 AND I-log3) THEN Fatc
6390 Ti=NU):i/K2/XfSQR(X) T23-135rgo
6401 G010 FootFla
6410 fx2c: IF NOT Fa3ADlg4THN xd
642i0 X4K3/04/94/ 4*03ADFu )THNFd

643 TirN~i)--ifK4/X/X
6440 GOTO Foot
6*50. FxQd: IF NOT (Flu 2 MID Flug4) THEN Fx~e
6460 X-2K*21

* '64710 TitNRtl$/K4IXIK
6480 1010 Fout
W4O Fx2e: IF Cfoo AND Fluqi AND NOT Titfiog THEN Alert2
6560 Tiri/Kt'oc
b~iO Xmifl/k/T

* .600 G010 Foot

37
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6MIt M*2 Djff uolculolns error functions for C 0 N Mo nnd Al *** MI*iL.
£561. i
b570 IF Tinfia; THEN Zm1/Ti/ktin
6SBO IF Ttcfloaj THEN Acc:1/¶i/k tic
6590 r'DSIJB Spec
6601t Tin= (Nnc-Mao-20T~uin f it?6611 Tac:(N-.c-C@-Cu2)*Ticfrloq [ nc qnd Ncc ore co'r.ected oimtole f N op C
6620 a ¶0P0 4. 2ifli al spit
6630 N(44)lint(T(31220.
b640 N(43'-Tih-N(44)
6660 W No0-hRT (3290

5671 GOSUD Oxiodes ! GIVES OXiDES AND METALS

6700 Du)nsflnr-No-22N22-Tir.
6710 IF Cf log00T AN icfoG9 THEN TarmbupTac

*6720 Delc=#cc-CvrC#i-Tic
6730 CG)D12fu2A)E1
6740 RETURN

* ~~~~~6770 *1 **RS01* tonou)te3 M~olES 0921 al QSelL'S SPECIeS *I$US**

679P' Spec: I 1Inpu t! Ti, Z.rC
*6800 Ov2xN(1B)zX'2

6810 0:N(17)3;Kýti7)*^X
6820 TiozN(2):K2)V*T±*
6830 7io2rN(3':K(3)*T;*XEX
6840 Nit: I

* 6~~~ ~~860 N:N1)KS*s
6810 MoovaNI42Ma(42't*hQX
6580 Cau-: 7P [f".gal THEN Acim
6890o Ir AcsiE-10 THEP Acc=IE-30 vi" fue:s with no c~n''v
6900 CgsN'114h(7)2&c*
0910 Co?=N(OI!K(Bt*AcC*X*X
690 04(1K14+c2K2)I4(CSttt1t4 utno.cc*Ac:cli

930£sfici'of noh-dr1Qor speclie

EY60 HsNi94(9)*Y

b980 H2;N0xflzfY 1
7060 Hcn:N129R-K(29%EAcc$*yZ
'010 Hnc i:N(301zK (30) lkccW tY*
7020 HcoýN(3uzI¾K31)*Acc3X1t
70*3(' "h2o'-N(32)mK (32) Ac c8XVY*Y
'940 !.2h2:NQ33)za033M*ccltAcCOVY
11050 T zW2N(4):-Cnm*(24)=SQR(Q0(4)1k (24 xT±$kfct17
7060 CnwN(25)4X(2Sj)*Acc*2 '
707(i CMivN(26W0X 12h)AcctArrt f

700 C2nzN(27):K(27)*AccIAcc*Z
7090 C3:N(34):K (34)*Acc*Acc*Arc

* 7110 . Cprec'd 141-oie! 1 , C 'Onpti-
7120 N~c'Nn--.4cn-8ncg-t(n-C2n-Cnm I -ectet mCiel of N 4EoMs .7120 r IF Nnc(0 THEN Nnc:1E-¶P

* 7140 RETURN 1
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7180 Oxides: FOR lonlO TO 22
%±91 N00=6~
7200 NEXT In
7121 FOR !n=35 TOM4
7220 NQ0=0~
7230 NEXT In
7240 5ttzTi=ij2=Ii3zTi4=D
:72S1 Ocaoceu-FNS prvet THENove of~ ol0ale
7260 IF.-HOT liflaq AND NUT Loxflaq fhEN RETURN odnle
7270 Tcan=Nti-FHSii-T in-TiE Condensed Ti + o~ides

721 IF LioflogORM yTE xo
730 IF liflaq~i TIEN Oxi

7320 IF NOT (FlaqV AND Flaqi) THEN OnoFloigfrtooie iotl*m x
7330 Tii=Occn
7340 etzlcsn-Til
'.3Si COTO Wx
7360
7370 Oxb: IF NOT (Flagi AND Vlaq2) THEN Oyc
7380 Ti2~con'-Tron
7390 TiizTcon-2STi2
7450 COTO Wx
7410

7420 Oxc: IF NOT (Flaq2 AND Flaq3) THEN Oxd
7430 Ti3=2*0con-J3Tc ong

'470 Owd IF NOT (Flaq AND Faoo4) THEN One
7480 Ti3=2*TcoN-ion
7490 T*!:con-38iS
'500 GOTO W

752C Oxe: IF NOT Flog,' AND Fitoq4 THEN Alpert
7Me T12=2*1con'-Ocon
7540 Ti44con-2tTi2
7550 COTO Wx
7560 Oyl: IF Tinf0alq THEN Oylin

7 ,,0 IF F!no ace EN flet~lcon 'or Ilfla =i, to I;0jttd iyide
7S80 IF FW1c THEN biol1con
71M0 IF Flaý2 THEN Ti~ncon/2
7600 IF Fjaq THEN T04~con'l
1610 1IF Fa q 4 THEN Tiq=Tcon

7630 -
7640 Ox oio: IF htmlo THEN Miet~icon-Nnc+No+?RtN2 on frTN oe 'd.Th 0 lire i; mot oul in N.
7650 17 ctm0± THEN TiilOcori

"" 661 IF 1iI342 THEN Tx2l'Jcon/,
767 1F F i ap THEN Ti34Ouin/5
7080 IF Floc4 THEN 714=Ocon/2'
7609 WTOl OK~

7r/70 0 Dlox: i 5mox=Tcon/(1+A02',2*At3)! Liaiuicl oxidE uresent
7720 IF Cflag AND Ticflaq THEN Salmx:Ocon/(1+2*At2+4*A03+A04)
7730 For oh Li case use 93 -ebep tha Ti; .qlane~

* 7740 GSUP kte

7760 Tii=A!iSU"V%
?7775 YQ2=A12*Svmox
7780 Tx3=At3*Sunox
7790 T14ZAl40Svmox
7800 Loi::MatýTii-Ti24Ti3+Ti41 W~xes o4' licuid oioid

7820 Ox2: M122)nrlet$(T(1933
7830 N(21i)=4et-N(22)
7840 N!36.04MMT2023)

7865 H(36)=ti24M21L2
7870 N(3?7)Ti2-NQ3~)
79381 N40)0:Tj3S((25
789 N(39;Ti3-#(41)
7Y01 * (42ýrli#(0(2143,
791C N(41,=Ti4-W(4.1
?1ý21 WET'JRNI
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7971 FOR M~ TO 44

7?99 a Nolr internal energy of eachi snecies
go0l Dv:DwfU(I)*N(I)! SINS titel internal energy
8010 NEXT I
8020 IF Du(zO THEN RETURN
8030 IF Flag 0 AND (T:1933) TKtN FEd
8046 IF Tic flag AND (T=3j.96) THEN Entic
8650 IF Flagi ND (T-2123) THEN EnM
8066 Ir Floq AND (T:212) THEN En
8670 IF Fl1g3 AND (T=2147) THEN En3 p-
96,A IF Fla 4 AND (T:214) THEN EM4
8090 IF Tianflag AND (N3220) THEN Entio
B100 RETURN IReturr, froM 'Ticsl1 to main proran

8100 In the following2 21 abuses of the sutstonce ore vrcsent,
812 ISolid is givin by 41J divided by enerqgy of fusion.

8130 EnTtc: N(2D)=Du/7114S I Solid iTf
8M4 H119)'IAX( Tic-NOZO)) I Licvij TiC
8150 lvu:Du*(N~iV5:0)
9168 IF N(19) THEN RETURN
800D N(20)=Tzc
B186 '2010 Enbeep
8190 [no: N(22):Dw/18623 Sulx2 Ti
8200 M(21i=MAX(C,1tt-Nf22)) Liovuol Ti
9210 Du'-Du*(N(215'0)
8220 IF h(2) THIN RE [URN
8230 N(22)=Nt
8240 COTO Enbee p
8Ž50 Enin! N(44W=Du/669601 Soltd TiN8260 N(43'IIAX(0 Tio-N(44)) 1 Loonod TiN
0270 Du=Dut(N(43MQ)
3280 IF N(43) THEN RETURN
92,90 NY44o:Tin
8300 00TO Enbeep
931 Eni: N(36):Du/54415 3o 3Od TiOO

191 N(3S)=NAX(0 TiiNI 36)) ILIOuie TiC

8343 IF N(35) THEN RETURN
1P3S0 t436)zTil
83b0 COTO Enbeep
9370 En2 N(3BWDu/10484 I oid TiZOI
8320 N(?)-MAX(D Ti2-N38P L~ouid Ti20J3
8390 bu=Du*(N(37)=0)
8400 IF NIT7) THEN REJOD
8410 N(38)=TiE
84210 G010 Enbeap
8436 En3: N(4OWDu/13810 I Solid TIZOS
8440 N(39t:HAXO( Ti3-N(40)) ;Liquid 70VQ
8450 Du:Ou$(N(395:) 3
8460 IF N(39) THEN RETURN
8476 N(40)zT13
8400 COT0 Enbeep
8498 9o4: N(42):Du/66960 ISolid TiOP
8F00 W(4P=KAX(0 Ti4N(421Q Liouid T102

ebt Du:Du*(N(41:
8S20 IF NM4) THEN RETURN
6531 N(4Zh=Ti4
8540
8550 Enbeep; BEEF
85,60 0180 'Select a lower temperature,
8570 RETURN
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8610 Alerx2: 1 itroper oxides present
8621 PRINT ¶rror in OXIDES"

* B630 GOU0BSum
8641 STOP

8695 G0MUB Spec
I- 709 COSUB Prifig

871 D PAINT LINO)' 17 TJLIN(1)

8740 14t
8%3O PRINT USING IsnFIIC)F$I1.(+Lo(~ (+Lo(.)NI3

* 8760 PRN1 SN=1u0F$IUo(+INI1lW~)NU2y9+MI3
B776 PRINT USING IseF$I,()F$IDNIi Fti2 N.+tF$I3NI3
879D 121F
0790 PRINT USING IsMFtI,()F$IIT+LoU2,U2,ou3NIl
8900 1:24
M8e PqINT USING Insusý.foS('NI,%I1,NIiu(+Q(+2,o(+)N~
8820 12
8830 PRINt USING IIMFIIU f4(f).(f)F$I2.(J),C142 N13
8840 I143
6889 PRINT USIPG Insun;Fo$(I N(I) Fo$'I.U '0(1+i)
Ube2 PRINT U SI NGC IIsm1WttTC ticjigi Met ýTib'1± Ti "T2,33, T11
8870 PRINT USING Imix ,'-Ti3O~"i3,T6.i TI"L'p
8880 Imsun: IMAGE 3(84 pz* 64 3k),
8891 Boni: Suo:FNStitiin+Tic;Aet+FNTsunI 4oo'ap; :.n final outvu?
8900 PRINT LINWI 'Ti BALANGE * Uti Sum
"8910 Som'FNS#+T~iPZOTi24S*Ti3+2kr14'
8920 PRINT '0 BALANCE %,NouSvs
9931 Stn:TIntZ$WZ4NO+xtcn+Hnco#Cn4C2n+Cnm
8940 PRINT 'N BALANE ' * )v
8950 Sv=c-c4C+@4 :G
896kn PRIM; 'C balanceNc,Sun
9Y70 S'up=MhtY+210htY1y
890 PRINT OH balyoce",#h Som
8990 PRINT USING %KTKAcc-- '.Acc
9000 PRINT USING ¶(*K,//'Atsvn = ',Atsunt
9010 IRINT LIN(2);T4F1Bx2RI*Tgst for epuilibriljs,LIN(1
9020 PRINTSPi) 4 'A(i)0ueiTf0)t
90301 PRINT 'Functional ((;-Numric)¶.LINd
9040 FLOAT 7
9059 iF NIT LoyfIa.g AND NOT Metao THEN Ar0=At1:~t2:At3=A.4=i
9060 PRINT ''Tfq ABIIO) ROD/K ti uTROCO' Ti9071 PRINT dB'18).0AittKiiTAN(30) TiiX
9MD PRlo! '1i203',TAB(10).,SQR(At2)/0K2:tABI3O),TSCK$SURfxI
9090 PRINT '11305'TAB(i0) SIROA3/Ki T(3)TXtEQTiX
9100 PRINT 'I02"'tAle, h A K-An4Yfl ) TAP3 T*tSShifl2
911M PRINT 'Tir-,fABsuO)j tnun fABc3o),fisz
9120 PRINT -I"TB10M),1/Ktic.TAI(10) Ti*A~c
9t30 IF Lo Inga M Lflaq THEN PhINT LIM1t)
9140 Ir Lxilid9 OR LMeg TIEN PRINT USICInu;(e'fIoTz)A!'(i23At
9150 IF Loufleg OR LMeg THEN PRINT USING Irosumia(T±30sV Ati a(TLWh4

*?i60 Acoiv+±tsgs in' ;LQUjd oxide
* I 917 STANDWG

919 PRINTIR IS ?J
9190 RETURN I

N.7
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9204 1 i

9260 2 110
9270 3 TiO02
9281 1 4 TV+
?290 1 (nit Nid2l
9300 1 6 All

9330 19 H

93401 0O

93.0 I 1 i

1•0 3 T (n +M" "

93911 1 P aN

1890 14 Inot used].+-

*49400 1 16 IN
9410 1 17 ["
9420 1W02
9431 1 19 TIM) 1l do'f 0"
944.0 14 Tilts) ItdfQ KT."
047 1 i ) F10 .'

9460 16. ,is Me t-Fl

cqO 
0,

9490 I2 M.
9510 1 26 C2H
9MiI I F7 CI2N
9520 18 ia -,d)

9549 30 HNdCO

9440 1 33 UCK,
9580 34 C3
9S94 35 LhOU) 'i Fnal I'
9600 n 3, T±0 II NT j
9610 37 %20Nl) Ti, Fla
9620 '38 T;2031n a, 72 Fla92 1049R (9n'
96M4 39 THNO5ll) T
Q640 4 Ti35'- I F a3V
96S0 41 Ti02(i) 1a4 FlQQ4 K4
966U 42 TI02(s' 1 4 FuoA4 N4
96I0 43 TN(I) Tin Tinf~liq K,'n
9680 44 TiNA() Tin TinflaQ Ktin
96?1 ,9700 1
9710 Loxfiny or Lfloq Indicates preeinp.e of clnatilmon• lianid oha..
9720 1 A1 t2 At3I At4 for activity (ideal so lutlon)
9730 nf Aet. 410, T1203, T1305, T102
9740 'Ace = orIlooity of 3 carbon9751 X 5 00(02)
9760 1 Y S( 02)
9770 1 Z SUM(N)
9780 1
9790 ýInriblees oso is Newton's method culcvatoen
9800 No metal or oxide ,TI
98U1 On oxide only/metal only I 'Ti IF TIN S011 oxide, no metal)
9820 Two oxides/Aetal I oxide -"30 Ir. all cases, Z •nd AEc are the last two variables When appropnriate
9840 END
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